The antioxidant function of 2-Cys peroxiredoxin (Prx) involves the oxidation of its conserved peroxidatic cysteine to sulphenic acid that is recycled by a reductor agent. In conditions of oxidative stress, the peroxidatic cysteine can be overoxidized to sulphinic acid inactivating the Prx. An enzyme recently discovered, named sulfiredoxin (Srx), reduces the sulphinic 2-Cys Prx (Prx-SO 2 H). To explore the physiological functions of Srx in plants we have cloned, expressed and purified to homogeneity a Srx from Arabidopsis thaliana (AtSrx), as well as five variants by sitedirected mutagenesis on amino acids involved in its activity. The activity of sulfiredoxin, determined by a new method, is dependent on the concentration of the sulphinic form of Prx and the conserved Srx is capable of regenerating the functionality of both pea and Arabidopsis Prx-SO 2 H. Molecular modelling of AtSrx and the facts that the R28Q variant shows a partial inactivation, that the activity of the E76A variant is equivalent to that of the native enzyme and that the double mutation R28Q/E76A abolishes the enzymatic activity suggests that the pair His100-Glu76 may be involved in the activation of C72 in the absence of R28. The knock-out mutant plants without Srx or 2-Cys Prx exhibited phenotypical differences under growth conditions of 16 h light, probably due to the signalling role of the sulphinic form of Prx. These mutants showed more susceptibility to oxidative stress than wild-type plants. This work presents the first systematic biochemical characterization of the Srx/Prx system from plants and contributes to a better understanding of its physiological function.
Introduction
High levels of reactive oxygen species (ROS) such as peroxynitrite (ONOO -), superoxide ion (O ÁÀ 2 ) and hydrogen peroxide (H 2 O 2 ) have been described as compounds capable of modifying protein, lipids, and DNA (Finkel and Holbrook, 2000) . By contrast, low levels of H 2 O 2 can function as a second messenger signal in cell proliferation, been recognized as peroxide sensors that can be inactivated through hyperoxidation (Kang et al., 2005) . Their catalytic cycle consists of two events: (i) the nucleophilic attack of the peroxide by the conserved peroxidatic cysteine that is oxidized to sulphenic acid (Cys-S P OH), and (ii) the resolution by attack of a free thiol to release water and form a disulphide. At high concentrations of H 2 O 2 , the peroxidatic cysteine can be overoxidized to the sulphinic acid form (Cys-S P O 2 H) inactivating the enzyme and acting itself as a signal (Vivancos et al., 2005) .
In this context, the retroreduction of Prxs is essential to restore the peroxidase activity and the regulation of signalling events. However, the oxidation of the sulphenic acid (Cys-S P OH) to sulphinic acid in Prxs (Cys-S P O 2 H) was thought to be an irreversible step (Yang et al., 2002) until Woo et al. (2003a) reported that the sulphinic form produced during the exposure of cells to high levels of H 2 O 2 was reduced to the catalytically active thiol form (Cys-S P H) and that an enzyme might be involved in the reduction. These results were further confirmed by the studies on the retroreduction of different mammalian 2-Cys Prxs by Chevallet et al. (2003) . However, the identification of the proposed enzyme was carried out by Biteau et al. (2003) , who found in yeast that H 2 O 2 induced the overexpression of a new protein that they called sulfiredoxin (Srx) and that the deletion of the gene that encodes it reduced the tolerance to H 2 O 2 .
Srx is an antioxidant enzyme present in eukaryotes that contains a C-terminal cysteine residue conserved in all family members (Jö nsson and Lowther, 2007) . Interestingly, Srx is not apparent in prokaryotes; it is thought that this is due to the role of Srx in the restoration of over-oxidized 2-Cys Prx, whose counterparts in prokaryotes are not sensitive to oxidative inactivation (Wood et al., 2003) . Unlike the extensive studies in yeast (Biteau et al., 2003; Vivancos et al., 2005) and mammals (Chang et al., 2004; Woo et al., 2005; Jeong et al., 2006) there are only two references that provide molecular evidence for the presence of functional homologues in higher plants (Liu et al., 2006; Rey et al., 2007) . Plant Srxs contain all the conserved residues necessary for the binding of ATP and catalysis and a putative chloroplast targeting peptide. The single AtSrx gene in Arabidopsis encodes a 14 kDa polypeptide and knock-out plants in this protein increase the levels of sulphinic form of At-2-Cys Prx under stress. Although these two works deal with the importance of this antioxidant enzyme to maintain redox balance in chloroplasts, they do not provide a systematic biochemical characterization by a kinetic analysis of a plant Srx.
The involvement of the Prx/Srx system in growth factor signalling mediated by receptor tyrosine kinases has recently been reported in mammalian Lei et al., 2008; Wei et al., 2008) and yeast (Vivancos et al., 2005) cells. Choi et al. (2005) have demonstrated that human Prx II is a negative regulator of platelet-derived growth factor (PDGF) and Prx II deficiency results in increased cell proliferation. In plants, the genome from Arabidopsis encodes receptor-like kinases (RLK) genes (Chae et al., 2009 ) and, recently (Smet et al., 2009) , RLK signalling pathways have been identified as regulators in cell specification in plants. In this context, studies by Liu et al. (2006) have reported that the knock-out line of AtSrx was more susceptible to oxidative stress elicited by paraquat than WT plants, whereas Rey et al. (2007) have observed that this mutant line exhibits less oxidative damage than WT under photo-oxidative treatment.
From a mechanistical point of view, two schemes have been proposed to explain the mechanism of action of the Srx and both involve an exogenous thiol reductant, ATP, Mg 2+ , and a conserved Cys. According to the first proposed mechanism (Fig. 1) , one oxygen atom on the sulphinic moiety of the oxidized Prx functions as a nucleophile and attacks the c-phosphate of ATP at the Srx to yield a sulphinic acid phosphoryl ester intermediate that is resolved by the nucleophilic attack of the Cys from the Srx (Biteau et al., 2003; Jö nsson et al., 2008a) . In the second proposed mechanism, the Cys from the Srx attacks the c-phosphate of ATP resulting in the formation of a thiophosphate intermediate that reacts with the sulphinic moiety of the Prx to yield sulphinic phosphoryl which is resolved by the external reductant (Jeong et al., 2006) . Thus, Srx acts as a phosphotransferase and a thioltransferase in the first hypothesis, while its role is limited to the transfer of the phosphate to the Prx in the second one. Although both mechanisms are plausible there exists some experimental evidence that supports the former (Jö nsson et al., 2008b) .
In this article, the first systematic biochemical and functional characterization of a plant Srx is reported. The heterologous expression and purification to homogeneity of Fig. 1 . Catalytic cycle of 2-Cys Prx, overoxidation by peroxide, and proposed reaction mechanism of retroreduction by Srx. On the left part of the figure the peroxide oxidizes the N-terminal cysteine (the peroxidatic cysteine, Cys-S P H) of one subunit to sulphenic acid (Cys-S P OH) (1), which reacts with the C-terminal cysteine (the resolving cysteine, Cys-S R H) of the other subunit to form an intermolecular disulphide that is reduced. However, at high concentrations of H 2 O 2 the peroxidatic cysteine can be overoxidized to sulphinic acid (Cys-S P O 2 H) (2) inactivating the enzyme. According to the most accepted mechanism of retroreduction the sulphinic acid is phosphorylated, through a reversible step, by a direct attack on the c-phosphate of ATP in the presence of Srx (3). The phosphoryl ester (Prx À SO 2 À PO 2À 3 ) converted into a thiosulphynate (Prx-SO-S-Srx) and inorganic phosphate (P i ) is released (4). A reducing agent (R-SH) (Trx, GSH or DTT) reduces this complex to release Prx-Cys-S P OH and Srx-S-S-R (5) that is subsequently reduced to Srx-SH (6).
Srx from Arabidopsis thaliana, as well as of five variants (R28Q, K40Q, C72S, E76A, and R28Q/E76A) are described, with the aim of understanding its action mechanism. To this end, a new method has been designed to determine the Srx activity based on the ATP hydrolysis. The response of AtSrx and At-2-Cys-Prx knock-out lines to oxidation stress has also been explored. The results provide additional insight into the function of Srx and the crucial role in plants that of the sulphinic form of Prx.
Materials and methods
Cloning, mutagenesis, and purification of recombinant AtSrx and mutants R28Q, K40Q, C72S, E76A, and R28Q/E76A Total RNA was isolated from 2 g of leaves from Arabidopsis thaliana (ecotype Columbia) by the phenol/SDS method (Sambrook et al., 1989 ). The cDNA library was generated by RT-PCR using Superscript II reverse transcriptase (Invitrogen, Carlsbad, USA) and oligo dT 20 as a primer. The full-length coding AtSrx sequence (309 pbs) which encodes the mature protein (GenBank accession number Q8GY89) was amplified by PCR. Forward and reverse primers were designed with NcoI and BamHI (Roche, Mannheim, Germany) restriction sites respectively (underlined): AtSrx-F (5#-CACCATGGACGGTTCGCCGCCGGTGAT-3#), AtSrx-R (5#-TAAGGATCCATCTTCTCTGAGGTACCAA-3#).
The PCR were performed at an annealing temperature of 55°C and the DNA products were gel-purified, cloned into the pGEM-T vector (Promega, Madison, USA) and sequenced. The PCR cDNA encoding the predicted mature protein (amino acids 23-125), lacking chloroplast transit peptide, was digested with HindIII and BamHI, and cloned into pETM-11 expression vector (Novagen, Darmstadt, Germany). The R28Q, K40Q, C72S, and E76A mutations were introduced by PCR as described by Rouhier et al. (2002) using a mix of cloning and mutagenic primers (mutagenic bases marked in bold):
AtSrx-F (as above), AtSrx-R (as above), R28Q-F (5#-TTGGA-GAAGATACGACAACCGTTGAT-3#), R28Q-R (5#-ATCAAC-GGTTGTCGTATCTTCTCCAA-3#); K40Q-F (5#-TCTTTCAC-
PCR were performed with 35 cycles using a temperature profile of 30 s at 94°C, 30 s at 65°C and 60 s at 72°C. The purified PCR products were digested with NcoI and BamHI and ligated into pGEM-T (Promega) at the corresponding restriction sites. The sequences of the recombinant plasmids were verified by sequencing. The PCR products of the mutants were digested with HindIII and BamHI for cloning into pETM-11 (Novagen, Darmstadt, Germany) .
For the expression of His-tagged AtSrx and its variants, Escherichia coli strain BL21 (DE3) was transformed with the recombinant plasmids (AtSrx-pETM-11, R28Q-pETM-11, K40Q-pETM-11, C72S-pETM-11, E76A-pETM-11, and R28Q/E76A-pETM-11). Transformed cells were cultured at 37°C in LuriaBertani medium supplemented with kanamicin to 0.6 OD 600 and then the overexpression was induced by 1 mM IPTG for 6 h. Cells were harvested by centrifugation and stored at -70°C. Frozen cells were resuspended in 50 mM TRIS-HCl (pH 7.5), 500 mM NaCl and disrupted with French press. The crude extract was centrifuged and the supernatant was supplemented with 20 mM imidazole and DNAase (Roche) prior to loading onto a Ni 2+ column equilibrated with 50 mM TRIS-HCl (pH 7.5), 500 mM NaCl, and 20 mM imidazole in a FPLC system. Proteins were eluted with a gradient of imidazole from 20 mM to 500 mM. Fractions with the protein were dialysed against 50 mM TRIS-HCl (pH 7.5) and loaded onto a Mono Q 5/50 column (GE Healthcare, Upssala, Sweden) and eluted with a linear gradient from 0 to 1 M NaCl. Fractions with Srx were dialysed against 50 mM TRIS-HCl (pH 7.5). The success of each step was monitored by SDS-PAGE.
Cloning and purification of recombinant 2-Cys Prxs
The cDNA coding for mature Arabidopsis 2-Cys Prx (At-2-Cys Prx) (GenBank accession number Y10478) was amplified from a cDNA library using primers containing 5' extensions with BamHI (Roche) site (underlined) for the forward and reverse primers: At2CP-F (5#-GGATCCATGGCGTCTGTTGCTTCTTC-3#); At2CP-R (5#-GGATCCCTAAATAGCTGAGAAGTACTC-3#). The 798 pb digested product was cloned into pQE32 vector (Qiagen). The cDNA encoding At-2-Cys Prx was assessed by sequencing. Expression in BL21 cells was induced by adding 1 mM IPTG. The His-tagged 2-Cys Prx protein was purified by trapping onto Ni-nitriloacetic acid Sepharose and elution with 500 mM imidazole (Barranco-Medina et al., 2008) .
Chloroplast 2-Cys Prx from Pisum sativum (Ps-2-Cys Prx) was cloned without His-tag, and expressed and purified as described by Bernier-Villamor et al. (2004) .
Plant material
Arabidopsis thaliana (ecotype Columbia) plants were grown in greenhouse with a 16/8 h light/dark photoperiod, with 250 lE m À2 s À1 , temperature regime of 22/18°C (day/night) and a relative humidity of 55%.
Two mutant lines (SALK 149311 and SALK 015324) for At-2-Cys Prx B and AtSrx, corresponding to T-DNA insertions events, termed DPrx B and DSrx, respectively, were isolated to obtain homozygous mutants using leaf genomic DNA extracted with the DNeasy Plant Mini Kit (Qiagen). Plants homozygous for the T-DNA insertion were identified from the T 3 population and confirmed in the T 4 generation using genomic PCR according to published methods (http://signal.salk.edu/).
The identification of the mutant lines was carried out by PCR to confirm the presence of transcript of At-2-Cys Prx A, At-2-Cys Prx B, and AtSrx (see Supplementary Fig. S1A at JXB online), using the following primers: 2-Cys Prx A-F (5#-CAAAGCCCAGGCCGATGATC-3#), 2-Cys Prx A-R (5#-TCATTGTCTCATCAACGCTTCG-3#); 2-Cys Prx B-F (5#-CATCCTCTTCTCTCTGTTCCG-3#), 2-Cys Prx B-R (5#-TCTCATTGTCTCATCAACACTTC-3#); AtSrx-F (as above), AtSrx-R (as above).
The presence of the T-DNA insert fragment into each knock-out line was assessed with the primer T-DNA Left border a1 (Lba1) (5#-TGGTTCACGTAGTGGGCCATCG-3#) with 2-Cys Prx B-R (as above) or AtSrx-R (as above) (see Supplementary Fig. S1B at JXB online).
The selection of the mutants and the study of the response of At-2-Cys Prx B and AtSrx knock-out lines to oxidative stress in plates were carried out on MS plates supplemented with kanamicin. In order to compare the oxidation stress response of mutants and wild-type (WT) plants, 5-week-old seedlings were sprayed with a solution containing 20 mM H 2 O 2 and 0.5% Tween 20.
Isolation of chloroplasts
Young leaves (10 g.) from Arabidopsis thaliana (Col.) were homogenized in an ice-cold buffer containing 330 mM sorbitol, 50 mM MES-KOH (pH 6.5), 2 mM ascorbate, and 5 mM MgCl 2 . Chloroplasts were purified on a Percoll gradient (Kö nig et al., 2002) and resuspended in sorbitol buffer. The amount of chloroplastic protein was determined by the Bradford (1976) assay and the approximate number of chloroplast was estimated with a Neubauer camera.
Histochemical detection of H 2 O 2 and superoxide radicals (O À
2 ) in leaves The histochemical detection of H 2 O 2 was performed using endogenous POX-dependent in situ histochemical staining, in which whole leaves were vacuum-infiltrated with 0.1 mg ml À1 3, 3#-diaminobenzidine (DAB) in 50 mM TRIS-acetate buffer (pH 5.0) and incubated at 25°C, in the dark, for 24 h (Hernández et al., 2001) . Leaves were rinsed in 80% (v/v) ethanol for 10 min at 70°C, mounted in lactic acid:phenol:water (1:1:1, by vol.), and photographed directly.
Fluorescence measurements
Modulated chlorophyll fluorescence emission from the upper surface of dark-adapted leaf discs was measured at midday using a PAM-2000 modulated Walz (Effeltrich, Germany) fluorometer. After dark adaptation of whole plants for 30 min, F o and F m measurements were performed from 6-8 leaves per plant. The initial level (F o ) of chlorophyll fluorescence was excited by a dim red light modulated at 600 Hz and determined with far-red light after a 2 s illumination, while the maximal level (F m ) was induced by an 800 ms pulse of intense white light. The efficiency of excitation energy capture by PSII, corresponding to the probability that an absorbed photon reaches the PSII reaction centres, was calculated as (
Obtaining the sulphinic form of 2-Cys Prx The sulphinic form of Prx (2-Cys Prx-SO 2 H) was generated in 50 mM TRIS-HCl pH 7.5 by a first incubation with 10 mM DTT for 30 min at 37°C and then 2 mM H 2 O 2 was added to the reaction mixture and the sample was incubated for an additional 30 min at 37°C. The excess of DTT and H 2 O 2 was removed by dialysis in a PD-10 column (GE Healthcare, Upssala, Sweden) equilibrated with 25 mM TRIS-HCl pH 7.5. The sulphinic form of Prx was checked by immuno-blot analysis after treatment with AMS (Biteau et al., 2003) and by identification with specific antibodies (Woo et al., 2003b) .
In vitro Srx activity assays
The determination of the Srx activity by the spectrophotometric quantification of inorganic phosphate (P i ) is based on the method described by Chen et al. (1956) . Reaction mixtures containing 50 mM TRIS-HCl (pH 7.5), 1 mM MgCl 2 , and various concentrations of ATP (0.25 or 1 mM), 2-Cys Prx (reduced and overoxidized) (15-30 lM) and Srx (1-5 lM), with or without GSH (10 mM), were incubated at 30°C. At the indicated times (from 0 min to 120 min), aliquots of 100 ll were withdrawn and added to 350 ll of the colour reagent (two volumes of 10% (w/v) trichloroacetic acid/four volumes of 0.4% (w/v) ammonium molybdate in 3% (v/v) sulphuric acid/one volume of fresh L-ascorbic acid at 66.7 mg ml À1 ). After exactly 3 min of incubation at room temperature, 50 ll of 1.3 M tri-sodium citrate (Merck, Darmstadt, Germany) were added (Baginski et al., 1975; Gawronski and Benson, 2004) and the reaction was allowed to equilibrate for 45 min at 37°C before reading the absorbance at 820 nm. For each determination a standard curve was obtained with potassium di-hydrogen phosphate (0-100 lM).
Srx activity was also measured by the spectrophotometric quantification of ADP by coupling to the oxidation of NADH in the presence of phosphoenolpyruvate, pyruvate kinase and lactate dehydrogenase (Kornberg and Pricer, 1951) . Aliquots of the reaction mixtures prepared as described above were withdrawn at the indicated times and added to a mixture containing 50 mM TRIS-HCl (pH 7.5), 10 mM MgCl 2 , 10 mM KCl, 0.4 mM NADH, 10 U of pyruvate kinase, and 10 U of lactate dehydrogenase, with or without (blank cuvette) 2.5 mM phosphoenol pyruvate, and the absorbance at 340 nm was measured.
The ATP/ADP ratio during Srx-dependent retroreduction of Prx-SO 2 H was monitored by chromatrography in a Mono Q 5/50 GL column as described by Jö nsson et al. (2005) .
Kinetic parameters K M and k cat of Srx from Arabidopsis and pea were determined by spectrophotometric quantification of the inorganic phosphate (P i ) released at 5 min and 10 min (to check a lineal increase) of reaction using saturating concentrations of purified Srx (30 lM), for its substrates: sulphinic form of 2-Cys Prx (Prx-SO 2 H) using 1 mM ATP, and for ATP using 40 lM Prx-SO 2 H. All determinations were made under the same conditions of reaction: 50 mM TRIS-HCl (pH 7.5), 1 mM MgCl 2 , from 0-40 lM of Prx-SO 2 H, and from 0 to 500 lM of ATP, incubated at 30°C in the absence of reductant.
Peroxidase activity
Peroxide-dependent peroxidase activity of the recombinant 2-Cys Prxs were measured as described by Bernier-Villamor et al. (2004) .
Polyacrylamide gel electrophoresis and Western blot analysis Denaturing SDS-PAGE was performed as described by Laemmli (1970) with acrylamide concentrations of 6% (stacking gel) and 12.5% (resolving gel). Gels were stained with Coomassie Brilliant Blue R-250. For Western blot analysis, the proteins were transferred onto a nitrocellulose membrane (Amersham Bioscience, Germany) by electroblotting. Immunoreaction was carried out with rabbit serum against mature 2-Cys Prx, Srx or hyperoxidized Prx, diluted 1/5000, 1/1500, or 1/2000, respectively, in PBST containing 5% dried milk. Horseradish peroxidase-conjugated goat anti-rabbit IgG (Sigma, St Louis, USA) was used as the secondary antibody. The antigen was detected by chemiluminescence using a Western Lighting chemiluminscence reagent plus (Perkin-Elmer, Boston, USA) following the manufacturer's protocol.
Antibodies against 2-Cys Prx were obtained as described by Bernier-Villamor et al. (2004) , while antibodies against the Srx peptide (CHRYEAHQKLGLPTI) were generated by Abyntek (Vizcaya, Spain) and antibodies against hyperoxidized Prx were purchased from LabFrontier (Seoul, Korea).
Molecular modelling of the AtSrx and pK a predictions
Modelling was approached by homology modelling at the Geno3D server (Combet et al., 2002) using as template the human Srx PDB entries 1xw3 and 3cyi that share about 39% identity, the psi-blast E-values (Altschul et al., 1997) 
being 9e
À6 (9e À21 to 1e À19 when only structures in the PDB sharing less than 95% pairwise identity are considered). Both models comprise residues 21 to 102 (80% coverage) although that generated using 3cyi as template led to better parameters than that from 1xw3. Thus, the Errat overall quality factors (Colovos and Yeates, 1993) were 100 versus 91.9, the percentage of residues with an averaged 3D-1D score (Lü thy et al., 1992) better than 0.2 was 91.8% versus 98.8%.
Predictions of pK a were carried out at PROPKA server. It implements a method based on empirical relationships that uses as input 3D coordinates. The reported overall accuracy on the basis of the comparison of 314 experimental pK a values with those estimated by PROPKA is 60.89 pH units. For the particular case of Cys, PROPKA predictions are withing 1 pH unit of experimental values in 83% of the cases (Li et al., 2005) .
Results and discussion
Isolation of recombinant AtSrx and production of sulphinic form of Prx A 375 pb cDNA was isolated from Arabidopsis thaliana RNA by RT-PCR and primers designed from the sequence of the putative AtSrx. The cDNA sequence encoded a 125 amino acids peptide with a molecular mass of 13 914 Da and a sequence-derived isoelectric point of 10.76, bearing a chloroplast transit peptide in the N-terminus and the signature sequence FG/SCHRY present in plant Srxs (Liu et al., 2006; Rey et al., 2007) . A second PCR amplification with suitable primers led to the cDNA of the mature protein consisting of 103 amino acids with predicted molecular weight and isoelectric point of 11 546 and 9.86 Da, respectively. This cDNA was subcloned into pETM-11 expression vector and overexpressed in E. coli BL21 (DE3) to yield the recombinant N-terminal 63 His-tagged fusion mature Srx (AtSrx). The SDS-PAGE analysis showed that the His-tag approach led to a partially pure sample and additional Mono Q chromatography was needed to isolate the recombinant AtSrx ( Fig. 2A) . The Srx identity of the isolated recombinant protein was confirmed by Western blotting with antibodies against a Srx peptide and revealed a faint band at a molecular weight corresponding to a dimer of Srx (Fig. 2B) .
Srx is involved in the restoration of the sulphinic form of 2-Cys peroxiredoxin (Prx-SO 2 H). Hence the production and overoxidation of Prx was a prerequisite to characterize the functionality of the AtSrx. Recombinant 2-Cys Prx from Arabidopsis thaliana was isolated and oxidized to the sulphinic form by a first incubation with DTT to reduce any disulphide bond blocking the cysteine residues of the active site and then by treatment with H 2 O 2 to oxidize them to the sulphinic form. The formation of the sulphinic species was monitored by 4-acetamido-4#-maleimidylstilbene-2,2#-disulphonic acid (AMS) treatment (Biteau et al., 2003) which alkylates cysteines only in the free SH-form and increases the molecular weight in about 0.5 kDa (Fig. 3A) and also by Western blot using specific antibodies against the Prx-SO 2 H (Woo et al., 2003b) (Fig. 3B) . Both assays confirmed the production of the overoxidized Prx (Prx-SO 2 H) and HPLC-mass spectrometry verified the sulphinic identity of the overoxidazed form and the absence of sulphonic forms.
Determination of the sulfiredoxin activity
The activity of Srx may be determined by two different approaches that have been implemented in several methods not exempt of some drawbacks: (i) detection and quantification of the redox state of the Prx (Biteau et al., 2003;  et al., 2004) and (ii) determination of the hydrolysis of the ATP (Jeong et al., 2006; Roussel et al., 2008; Kim et al., 2009) . The enzymatic activity of the recombinant AtSrx was determined by two variants of the methods based on the hydrolysis of ATP. One relies in the oxidation rate of NADH to report the ADP formation via coupling to the conversion of phosphoenolpyruvate into pyruvate and then into lactate by pyruvate kinase and lactate dehydrogenase, respectively. Both enzymes are commercial and results may be standardized, circumventing the strong variability of the enzymatic determination of the hydrolysis of ATP currently in use. The second method is based on the formation of a coloured phosphomolybdate complex between molybdate and the phosphate resulting from the hydrolysis of ATP. The determination of the enzymatic activity of the recombinant AtSrx by the two alternative methodologies is summarized in Table 1 . Results demonstrate the feasibility of both approaches and show that the molar concentration of ADP after 2 h of reaction at different Srx:Prx-SO 2 H stoichiometries in the presence of 250 lM or 1 mM ATP corresponds to the concentration of phosphate.
The simplicity of colorimetric assay is especially attractive and further evidences of its feasibility were obtained by comparison with the method based on the detection and quantification of the redox state of the Prx by Western blotting (Chang et al., 2004) . To this end, the Srx activity of aliquots withdrawn at different times from a sample containing 5 lM AtSrx, 15 lM Prx-SO 2 H, 10 mM GSH, and 250 lM ATP was determined by quantification of both the sulphinic Prx with specific antibodies and the phosphate by the colorimetric assay. As shown in Fig. 4A , the intensity of the band detected by antibody against the hyperoxidized Prx decreased as the incubation time with AtSrx is longer whereas the intensity of the band detected with antibodies against 2-Cys Prx remained unchanged. The plot of the amount Prx-SO 2 H reduced by AtSrx estimated from the Western blot, versus the concentration of phosphate (P i ) resulting from the hydrolysis of ATP, reveals a linear relationship with R coefficient of 0.94 and an estimated slope of 0.98 (Fig. 4B ) that validates the colorimetric assay for the determination of the sulfiredoxin activity.
Characterization of the sulfiredoxin from Arabidopsis
The biochemical characterization of mammalian sulfiredoxins by Jeong et al. (2006) revealed that the hydrolysis of ATP was dependent on the sulphinic form of peroxiredoxin (2-Cys Prx-SO 2 H) and that, in the presence of glutathione, it reached the concentration of the sulphinic Prx (Fig. 1,  step 5 ). In the absence of the reductant (GSH, DTT, Trx, .), the hydrolysis of ATP progressed further and this experimental result was explained on the basis of a futile cycle of phosphorylation and dephosphorylation that consumes ATP continuously as a consequence of the formation of a sulphinic phosphoryl ester Prx intermediate (Fig. 1 , steps 3 and 4) that is hydrolysed to regenerate the sulphinic acid group. The fact that the kinetic of the inorganic phosphate (P i ) formation is hyperbolically saturated led to the suggestion of an inactivation as a result of a disulphide formation between Srx and Prx.
There is no similar study on plant Srxs, and AtSrx is a good model to test the generality of the above observations. The assay of activity using several pH (from 6.8 to 9.5), revealed that the optimal reduction of Prx-SO 2 H by AtSrx takes place at pH 7.8 (data not shown). In a first set Fig. 4 . Correlation between Srx activity measured by the determination of released phosphate and that using specific antibodies against hyperoxidized Prx. Reaction mixture containing 50 mM TRIS-HCl (pH 7.5), 1 mM MgCl 2 , 250 lM ATP, 10 mM GSH, 15 lM Prx-SO 2 H, and 5 lM Srx was incubated at 30°C. (A) At the indicated times, aliquots were withdrawn and subjected to Western blot with specific antibodies against Prx-SO 2 H and 2-Cys Prx (control). (B) The concentration of Prx-SO 2 H reduced was determined from the corresponding Western blot band intensity (by analysed imaging) and plotted against the concentration of phosphate determined in the same samples. of experiments at 250 lM ATP and 5 lM AtSrx, the influence of the Prx was analysed. As depicted in Fig. 5A , the release of phosphate was negligible when reduced 2-Cys Prx (Prx-SH) was assayed, confirming the requirement of the sulphinic moiety and ruling out a non-specific ATP hydrolysis. As its mammalian counterparts, in the presence of 10 mM GSH the concentration of released phosphate (13.9 lM) was that of the sulphinic Prx (15 lM) in the assay, being the extent of ATP hydrolysis in absence of reductant influenced by the concentration of the sulphinic Prx and larger than its concentration in the assay, in full agreement with the existence of the proposed phosphorylation/dephosphorylation futile cycle (Fig. 1, step 3) . In a second set of experiments at 1 mM ATP and 15 lM Prx-SO 2 H, the effect of the concentration of AtSrx was studied (Fig. 5B) . As expected, in the presence of GSH the released P i reached the concentration of sulphinic Prx in the assay (15.2 lM and 15 lM, respectively). On the other hand, the assay in the absence of the reductant supports the participation of the AtSrx in the futile cycle since at 15 lM Prx-SO 2 H, the hydrolysis of ATP at 5, 2.5, and 1 lM AtSrx yielded 63.2, 44.3, and 27.8 lM Pi, respectively. Moreover, a comparison of experiments at 15 lM Prx-SO 2 H and 5 lM AtSrx, and 250 lM ATP (Fig. 5A ) or 1 mM ATP (Fig. 5B) , reveals a release of P i of 35.9 lM and 63.2 lM, respectively, suggesting that the yield of the futile cycle is also dependent on the concentration of ATP.
The kinetic parameters of AtSrx were determined by measuring the P i released after 5 min of reaction. For the sulphinic form of At-2-Cys Prx (Prx-SO 2 H) using saturating concentrations of AtSrx (30 lM) and 1 mM ATP, the kinetic parameters were determined to be: K M ¼79 lM, k cat ¼0.66 min À1 ; the kinetic parameters for ATP using saturating concentrations of AtSrx (30 lM) and 40 lM sulphinic 2-Cys Prx were: K M ¼29 lM, k cat ¼0.025 min À1 . These data are similar to those obtained from mammalian Srx (Jö nsson and Lowther, 2007) , suggesting that AtSrx, like mammalian Srx, is not a highly efficient enzyme despite our calculations revealing the low concentration of this enzyme in this organelle that was estimated as 2 ng of Srx in 1 lg of total chloroplastic protein (see Supplementary Fig.  S2 at JXB online).
In order to evaluate the functionality of the regenerated Prx the peroxidase activity of retroreduced, overoxidized, and reduced Prxs specimens were analysed. Results showed a negligible activity for Prx-SO 2 H and that 3 h of retroreduction in the presence of Srx, GSH, and ATP led to a 96.8% restoration of the peroxidase activity compared with the reduced Prx (Fig. 6) . On the other hand, there exists evidence of the capability of the human Srx to reduced mitochondrial peroxiredoxin III although the physiological mechanism of the mitochondrial translocation remains unclear. In fact it has been demonstrated that the 6 . Recovery of the peroxidase activity of the sulphinic form of Prx. Reaction mixture containing 50 mM TRIS-HCl (pH 7.5), 1 mM MgCl 2 , 1 mM ATP, 10 mM GSH, 5 lM Prx-SO 2 H, and 1 lM Srx was incubated at 30°C. At 1, 2, and 3 h aliquots were withdrawn and peroxidase activity was determined at the indicated times, as described in the Materials and methods. Peroxidase activity of recombinant reduced 2-Cys Prx (Prx-SH) and overoxidized Prx (Prx-SO 2 H) were also determined. Peroxidase activity without Prx was determined as a control.
overexpression of mitochondrion-targeted Srx promotes the restoration of Prx III and results in cellular resistance to apoptosis with enhanced elimination of mitochondrial H 2 O 2 (Noh et al., 2009) . In this context, the feasibility of AtSrx to restore the activity of other Prxs was put to test on the recombinant Pisum sativum 2-Cys Prx, lacking the His-tag and the sequence identity with that from Arabidopsis being 84.2%. Results revealed similar activity of the regenerated Prx regardless of the species and the presence of His-tag and the kinetic parameters are similar to those reported above for Prx-SO 2 H (K M ¼71 lM, k cat ¼0.65 min À1 ).
Site-directed mutagenesis of AtSrx
In order to gain additional insight into the features of AtSrx, site-directed mutagenesis was carried on, R28, K40, C72, and E76. Residues R28, K40, and C72 are conserved among Srx proteins from mammals, yeast, and plants and they have been demonstrated to play a critical role in the functionality of the enzyme (Jeong et al., 2006) . Five mutants of AtSrx, namely R28Q, K40Q, C72S, E76A, and R28Q/E76A were generated and their Srx activity was assayed in the absence (Fig. 7A ) and presence ( Fig. 7B ) of reductant (10 mM GSH) and no significant relative difference have been found between both conditions. The kinetic parameters (K M and k cat ) and the catalytic efficiency as expressed by k cat /K M values for the assay in the absence of reductant are summarized in Table 2 . The discrepancy observed for the lowest k cat /K M value reported for K40Q or R28Q, depending on the use of ATP or 2-Cys-Prx-SO 2 H as substrate, can be rationalized on the basis that both substrates interact in the catalysis, k cat /K M values being diminished for both substrates and both variants. As expected, mutation of C72S resulted in an abolition of the activity, confirming its critical role in the hydrolysis of ATP. Residues R28 and K40 correspond to R51 and K61 in human Srx (the residue numbers are lower by one in rat Srx) and their mutation to glutamine resulted in a partial reduction of the hydrolysis of ATP (Fig. 7) . According to the X-ray structure of the human Srx (Jö nsson et al., 2005) K61 interacts with one of the oxygen atoms of the a-phosphate of ADP and its mutation in rat Srx led to a weak ATPase binding and an ATPase activity of 10% of that of the Srx (Jeong et al., 2006) . Thus ATPase activity of the K40Q AtSrx can be explained as a consequence of a diminished ATP binding capability.
Mutation of R28 was expected to result in the inactivation of the enzyme, as reported for rat Srx, since the structure of the human Srx shows that R51 is adjacent to C99 (C72 in AtSrx) and most likely functions to activate C99 to the thiolate form. However, the colorimetric assay showed that R28Q AtSrx retains a significant functionality (Fig. 7) . This result was confirmed by the chromatographic determination of the ATP/ADP ratio during Srx-dependent retroreduction of Prx-SO 2 H since the retention time for ATP and ADP in a Mono Q 5/50 column is different enough even to monitor the ATPase activity (Fig. 8A) . As shown in Fig. 8B , the amount of ADP produced by mutant C72S was negligible, which is in agreement with the date reported by Jö nsson et al. (2005) using the same method and similar concentrations of Srx (25 lM), overoxidized Prx (25 lM), and ATP (0.5 mM). Variants R28Q and K40Q (Fig. 8B) showed activities comparable to those obtained by the phosphate determination (Fig. 7) , R28Q being more active than K40Q and validating the results obtained by the colorimetric assay. The above results suggest that the activation of C72 is either poorly relevant or resulting from the interaction with other residues besides R28. The former hypothesis does not seem realistic since this type of Arg-Cys interaction to activate the nucleophilicity of Cys has been described in other enzymes such as peroxiredoxins (Wood et al., 2003) and methionine sulphoxide reductases (Lowther et al., 2002) . In fact the pK a predicted by PROPKA server (Li et al., 2005) for C99 from human Srx is 4.98. This anomalous pK a value for a cysteine (the standard value is 9.0) makes C72 especially reactive, being the hydrogen bonding with R51, S55 the main responsible for the enhanced nucleophilicity of C99 (Table 3) .
To address the existence of other residues involved in the nucleophilic activation of C72 the tertiary structure of the AtSrx was modelled at the Geno3D server (Combet et al., 2002) . The best two models were generated using as template the coordinates of the human Srx (PDB entry 1xw3) and the C99S mutant (PDB entry 3cyi). Both models comprised residues 21 to 102 and the fact that the alignment of the coordinates with Swiss-PDBviewer 4.0.1 (Guex and Peitsch, 1996) yielded an overall RMS deviation of 0.87 Å confirmed that they are equivalent. The prediction of the pK a value for C72 was 6.46 and 4.29 for the model based on the human Srx and C99S mutant, respectively. The analysis of the residues involved in the activation of C72 is summarized in Table 3 and it identifies R28 as being mainly responsible for the shift in the pK a for the model based on the Srx although the predicted value was far from that predicted for C99 from the human Srx. Unexpectedly, the model based on the C99S showed a completely different pattern, H73 and T33 being the two main contributors to the pK a shift that, however, yielded the pK a prediction closest to that for the human Srx. The inspection of both models revealed that the only difference was the position of the SH-group. In the model based on the coordinates of the C99S human Srx, the -SH group of the catalytic Cys is pointing to residue H100 that shows an anomalous predicted pK a value of 7.22 (standard value for histidine is 6.5) as a consequence of the interaction with E76 (Table 3) .
The catalytic triad cysteine-histidine-glutamic acid predicted by the model is present in picornains 2A and 3C, cysteine peptidases from picornaviruses. Cysteine proteases are thought to attack the substrate by a thiolate-imidazolium ion par, the acidic component of the triad being essential for activity (Polgar, 2005) . In order to assess the prediction, the double mutant R28Q/E76A was produced and the resulting protein was inactive in the absence and presence of reductor (Fig. 7) , validating the prediction. The facts that, in mammals, the residue equivalent to E76 is A103 and that the mutation of R51 (equivalent to R28 in At-Srx) yields the inactivation of the enzyme encouraged us to generate the variant E76A to explore its role in catalysis. However, variant E76A shows the same activity as AtSrx WT (Fig. 7) , suggesting that E76 is not crucial in the wild-type plant enzyme and that the pair histidine-glutamic acid may be involved in the activation of C72 in the absence of R28.
Response of DSrx and DPrx B plants to oxidative stress
The involvement of the Prx/Srx system in growth factor signalling mediated by receptor tyrosine kinases in mammalian Kang et al., 2005; Lei et al., 2008; Wei et al., 2008) and yeast (Vivancos et al., 2005) and the existence of more than 600 receptor-like kinase homologes in the Arabidopsis thaliana genome whose role in signalling pathways has been recognized (Smet et al., 2009) prompted us to investigate the role of the Prx/Srx system in the growth under oxidative conditions. As shown in Fig. 9A , knock-out lines of Arabidopsis (DSrx and DPrx B) grown in a 16/8 h light/dark photoperiod exhibited phenotypic differences. Leaves were smaller in DSrx but larger in DPrx B compared with WT in 5-week-old plants. The average rosette diameter (cm) for n¼10 plants were 7.8760.91 (AtWT), 9.4160.95 (DPrx B), and 6.2160.57 (DSrx) . These differences with respect to the WT were statistically significant by a 2-tailed Student t test at P >0.98. This is the first phenotype variation described for both lines of mutants in plants grown under a long cycle photoperiod. However, under a short cycle photoperiod (8/16 h light/dark) no phenotypic differences between both lines and WT were observed (data not shown), in full agreement with the bibliography (Liu et al., 2006; Rey et al., 2007) . As expected, Western blot analysis of leaf extracts showed a small amount of 2-Cys Prx and of its sulphinic form in DPrx B (because 2-Cys Prx A is expressing) as well as the absence of Srx in DSrx (Fig.  9B) . A closer analysis revealed a higher level of Prx-SO 2 H in DSrx than in WT and an inverse relationship between growth and level of Prx-SO 2 H. It is tempting to speculate that this inverse correlation may be related to a regulatory role of the sulphinic form of 2-Cys Prx B that may account for the phenotypical differences observed under a long photoperiod: the extended illumination may induce a moderate stress, increasing the amount of sulphinic Prx that yields a lower growth rate. Thus, DPrx B plants that produce a low amount of Prx-SO 2 H and DSrx that can not retroreduce it exhibited the largest and the smallest leaf size, respectively. This hypothesis demands additional studies to confirm by complementation lines whether the phenotypic differences are the result of the level of Prx-SO 2 H. Further work would open a wide field connecting Prx/Srx system and redox signalling. Plants treated with 20 mM H 2 O 2 to induce an oxidative stress showed differences in the levels of the sulphinic form of 2-Cys Prx when compared with untreated plants (Fig. 9B) . In DSrx, the absence of Srx yielded an increased level of Prx after 24 h and 48 h of treatment that has not been found in AtWT. Liu et al. (2006) reported an increase of Srx at the transcript level in WT plants under stress conditions. However, no changes in the level of AtSrx have been found in treated plants, probably due to the limited time of treatment. On the other hand, the fact that DPrx B plants yielded a lower level of Srx than the AtWT suggests that the sulphinic form of 2-Cys Prx in plants may regulate the expression of Srx as shown in yeast by Vivancos et al. (2005) . To our knowledge, this is the first report of a lower level of the Srx protein in DPrx B compared with AtWT plants.
The effect of the manipulation of the Prx/Srx system on the photosynthetic efficiency (F v /F m ) was also analysed. As shown in Fig. 9C , although F v /F m was not affected in untreated plants, mutants were more sensitive to H 2 O 2 treatment and DAB detection revealed a larger accumulation of H 2 O 2 and superoxide ion probably due to the difficulty of eliminating them. This result is in full agreement with those reported by Liu et al. (2006) , who found that AtSrx knock-out mutants under paraquat treatment were more sensitive than WT and also had greater sensitivity of the Srx knock-down mammalian epidermal cells to hydrogen peroxide (H 2 O 2 ) induced cell death (Wei et al., 2008) . However, Rey et al. (2007) have reported that Table 3 . pK a values as output by PROPKA for the catalytic Cys and the nearby His predicted from the structure of the human Srx and the models of AtSrx based on the PDB entries 3cyi (C99S human Srx) and 1xw3 (human Srx)
The contribution of the pK a shift is quantified in terms of three perturbations: desolvation, hydrogen bonding and charge-charge interactions. et al. (2000) and Lamkemeyer et al. (2006) reported that plants with decreased levels of 2-Cys Prx and Prx Q, respectively, did not have an apparently different phenotype from WT at the plant level and that both lines had a decreased sensitivity to oxidants. Probably, these discrepancies may be related to the different growth conditions and oxidative treatments. In order to gain additional insight into the response of DSrx and DPrx B to oxidative stress during germination, seedlings were grown in plates with MS medium and kanamicin containing H 2 O 2 . Results showed at DPrx B mutants were more sensitive than DSrx at low concentrations of H 2 O 2 and that DSrx plants were more sensitive than AtWT at high concentration of H 2 O 2 (Fig. 9D) . These results reveal that, although both enzymes are not essential for viability of the plant, they protect the chloroplast with some specificity depending on the intensity of the oxidative stress, so the role of Srx is crucial in critical situations to switch on the antioxidant pathway to regenerate the oxidative damage (Vivancos et al., 2005) .
Conclusions
To our knowledge, this is the first systematic biochemical and functional characterization of plant Srx by a new and reliable colorimetric method based on the detection of inorganic phosphate. Biochemical studies show that AtSrx behaves as its mammalian counterparts in terms of kinetic parameters and capability to retroreduce the activity of other Prxs. However, site-directed mutagenesis and molecular modelling have revealed that, whereas in mammals, mutation of R51 leads to the inactivation of the enzyme, the equivalent mutation in AtSrx only reduces the activity and only the additional mutation of E76 abolishes it. This unique feature of plant Srxs suggests that the pair histidine-glutamic acid may be involved in the activation of C72 in the absence of R28. Functional studies in Arabidopsis of DSrx and DPrx B knock-out lines grown under a long photoperiod led to the detection of a phenotype variation that could suggest a regulatory role of the growth process of the sulphinic form of 2-Cys Prx B. Induction of oxidative stress shows that, as in yeasts, 2-Cys Prx in plants may regulate the expression of Srx and that, although Srx and Prx are not essential for plant viability, they protect against oxidative stress. Further works are ongoing to investigate the signalling role of the sulphinic form of 2-Cys Prx in eukaryotic cells.
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